Background: Exercise training is one strategy for improving cardiorespiratory fitness (CRF) in
populations, and low CRF is associated with increased risk for morbidity and mortality (Wei M et al. 1999, Motl and Pilutti 2013) . Persons with multiple sclerosis (MS) have markedly lower CRF levels compared to controls without MS and CRF decreases as a function of increasing disability in individuals with MS (Motl and Goldman 2011 , Motl and Pilutti 2013 , Sandroff et al. 2013 , Pilutti et al. 2015 , Heine et al. 2016 . Indeed, persons with severe MS disability have been reported to have a 52.6% lower peak oxygen consumption (VO 2peak ) compared with individuals with mild disability (Pilutti et al. 2015) . Lower physical activity levels reported in individuals with mobility disability are likely an important contributor to physiological deconditioning (Klaren et al. 2013) . Importantly, CRF has been associated with neurological disability, walking performance, brain structure, cognitive function, body composition, symptoms, and quality of life in persons with MS (Motl and Pilutti 2013 , Sandroff et al. 2013 , 2015a , 2015b D r a f t 5 One exercise modality that has been developed for individuals with mobility impairment is functional electrical stimulation (FES) cycling. FES cycling uses surface electrodes and mild electrical stimulation to evoke muscle contractions. These contractions are sequenced with a motorized cycle ergometer, simulating a cycling cadence (Reynolds et al. 2015 , Pilutti et al. 2016 ) and could improve cycling performance. The superficial stimulation allows for greater recruitment of weakened muscles fibers during exercise, theoretically increasing overall oxygen consumption and the potential for adaptations with exercise training. If active cycling with FES results in an exercise intensity corresponding to moderate-to-vigorous physical activity it could represent a viable aerobic exercise training modality for improving CRF and managing physiological deconditioning for individuals with MS who have severe mobility impairment.
Determining the exercise intensity of acute voluntary cycling with FES has important implications for the prescription of exercise training for individuals with MS with severe mobility impairment.
Herein, the purpose of this study was twofold: (i) to characterize the acute cardiorespiratory demand of a single bout of active cycling with FES in people with MS with severe mobility impairment; and (ii) to compare the cardiorespiratory demands of active cycling with FES to a single bout of passive leg cycling matched for exercise duration.
METHODS

Participants
Eleven participants from an ongoing trial of supervised voluntary cycling with FES were recruited to participate (Pilutti et al. 2016) . Participants were part of a six-month exercise training intervention evaluating the efficacy of voluntary cycling with FES for improving D r a f t 6 walking ability, physiological fitness, and symptoms in individuals with severe MS disability (Pilutti et al. 2016) . The participants were randomly allocated into one of two leg cycling conditions: (i) voluntary cycling with FES or (ii) passive leg cycling . Criteria for inclusion were:
(i) between the ages of 18-64; (ii) a confirmed diagnosis of MS; (iii) use of unilateral or bilateral assistance for ambulation (EDSS score of 5.5-6.5); (iv) no history of a relapse within the past 30 days; (v) not currently participating in exercise on two or more days per week; (vi) asymptomatic (no known cardiovascular, pulmonary, or metabolic disease or symptoms suggestive of these conditions based on the Physical Activity Readiness Questionnaire (Bredin et al. 2013 ); (vii) not currently pregnant or plans to become pregnant during the trial; (viii) no contraindications for FES cycling (epilepsy, pacemaker, implanted defibrillator, fracture, or implanted screws/pins); (ix) physician approval for exercise testing and training.
Outcome Measures
Clinical and Demographic Characteristics
Height and weight were measured in the laboratory to the nearest 0.1cm or kg, respectively, using a scale with a stadiometer (Detecto, Webb City, MO). Disability status was determined through a clinically-administered EDSS (Kurtzke 1983) examination by a Neurostatus-certified assessor. Clinical and demographic characteristics were collected using a self-report questionnaire.
Peak Cardiorespiratory Fitness
Peak CRF was assessed using a symptom-limited incremental exercise protocol performed on a recumbent stepper (Nustep T5 XR recumbent stepper, Nustep Inc., Ann Arbor, MI) (Pilutti et al. 2015) . The test began with a 1-minute warm-up at 15W and the resistance was gradually increased by 5W per minute until volitional fatigue (Pilutti et al. 2015 (Borg 1982) were recorded every minute during the test. Peak power output was recorded from the recumbent stepper and expressed in Watts (W). Peak cardiorespiratory capacity (VO 2peak ) was determined when at least one of the following criteria were recorded: (i) respiratory exchange ratio (RER) ≥1.10; (ii) HR peak within 10 bpm of age-predicted maximum (i.e., 220-age); or (iii) RPE ≥17 (Pilutti et al. 2015) .
Acute Cycling Session
Participants completed a submaximal bout of leg cycling exercise on an RT300 cycle ergometer (Restorative Therapies Inc, Baltimore, MD). The participants in the FES cycling group received electrical stimulation during voluntary leg cycling via self-adhering surface electrodes placed over muscle groups of the lower extremities (quadriceps, hamstrings, and gluteals). The stimulation parameters were as follows: waveform symmetric biphasic, phase duration of 250ms, and pulse rate of 50 pulses per second. The intensity of leg muscle stimulation was adjusted per muscle group according to each participant's sensory tolerance.
Participants were instructed to maintain a cycling cadence of ~50 rpm during the acute cycling session and pedaling resistance was automatically adjusted by the RT300 to maintain this cycling cadence. Exercise intensity was based on participants' individually determined heart rate reserve.
The participants in the passive cycling condition did not wear the electrodes and did not receive electrical stimulation. A pedaling cadence of ~50 rpm was generated entirely by the electric motor of the cycle ergometer. Continuous gas exchange and HR were measured during the entire session using the same system as for the peak CRF test. RPE was recorded every 
Data Analysis
Data analysis was performed using IBM SPSS 
RESULTS
Characteristics of the Participants
The characteristics of the participants in the FES and passive cycling conditions are reported in Table 1 . There were no significant differences in height, weight, disability, or disease duration between the two conditions. There was a significant difference in age between the FES cycling and passive cycling condition, such that the FES cycling group was older than the passive cycling group (p=.03). Consequently, analysis of covariance (ANCOVA) were performed using age as a covariate in all subsequent comparisons by condition. There were no significant differences in the peak cardiorespiratory response between the FES cycling and passive leg cycling condition (all p>.05).
Acute Cardiorespiratory Response
Figure 2 provides a graphical presentation of the mean physiological response variables for the FES cycling group per minute during the submaximal exercise session. Mean oxygen consumption (VO 2 ) increased by 190% from 3.0±0.6 ml/kg/min during RE to 8.7±1. 
FES Cycling vs Passive Leg Cycling Response
The mean physiological responses recorded during the AC phase of FES cycling and passive leg cycling are presented in becomes more severe as disability increases (Ng et al. 2004 , Pilutti et al. 2015 . Such impairments in muscular function may be overcome by using neuromuscular stimulation in combination with leg cycling exercise to increasing overall muscle activation, allowing for greater motor-unit recruitment, muscle mass involvement, and force production (Reynolds et al. 2015) . This supports the use of voluntary cycling with FES a potentially valuable exercise training modality for individuals with severe MS disability.
Another aspect of FES cycling that should be considered is the metabolic efficiency. To date, few studies have examined the acute metabolic demands of FES cycling. One study compared the metabolic efficiency (caloric equivalent of work performed/aerobic expenditure x 100) of FES cycling performed by participants with SCI to voluntary leg cycling in able bodied (AB) controls (Glaser et al. 1989) . That study demonstrated that participants with SCI had cycling efficiencies ranging from 2-14%, while AB participants had efficiencies ranging from 4-34%. That study demonstrated that VO 2 was higher during FES cycling compared to voluntary cycling, despite an equivalent WR. Another study compared the metabolic efficiency of FES cycling to voluntary cycling within a group of AB individuals (Hunt et al. 2013) . That study demonstrated that FES cycling caused an increase in VO 2 during exercise and determined that FES cycling was roughly half as metabolically efficient as voluntary cycling (Glaser et al. 1989 , Hunt et al. 2013 ). These reported inefficiencies are likely a result of suboptimal biomechanics that occurs with FES cycling. External neuromuscular stimulation causes crude recruitment of the muscle groups, lack of synergistic and antagonistic joint control, mixed muscle fiber recruitment, and adverse muscle activation timing, all of which contribute to reduced metabolic/biomechanical efficiency during cycling (Sinclair et al. 1996 , Gregory and Bickel 2005 , Bickel et al. 2011 ). This apparent inefficiency may be beneficial in that it increases the D r a f t 14 energetic demand associated with this task, ultimately contributing to a more intense exercise stimulus and promoting physiological adaptations (Glaser et al. 1989) .
LIMITATIONS
There are several important limitations of this study that must be considered. The sample size of the study was relatively small which may limit the applicability of the findings. Another limitation is the evaluation of a single exercise modality (RT 300 leg cycle 
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